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Advancements in the area of additive manufacturing have led to the development
of new methods with the purpose of optimizing component properties and expanding
operating environments. In a comparative study, the influence of process parameters
including beam and laser current, translation speed, and wire feed and deposition rate on
316L stainless steel deposits produced by both Laser Engineered Net Shaping (LENS®)
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INTRODUCTION

1.1

Background and Motivation
Additive manufacturing is a growing industry and has seen much advancement

over the years. The ability to rapidly fabricate near net shape parts while controlling the
microstructure and mechanical properties is an attractive process for many industries.
Such industries include aerospace, power, and medical.
Solid freeform fabrication (SFF) is a layer-additive manufacturing technology that
often utilizes computer aided design (CAD) files to construct parts. SFF has many
applications in the manufacturing industry due to its ability to reduce cost, weight,
number of parts, and to improve structural efficiency [1].
Various SFF technologies have emerged over the years such as Selective Laser
Sintering, Electron Beam Melting, Precision Metal Deposition, Direct Metal Deposition,
Laser Additive Manufacturing, Laser Engineered Net Shaping, and Electron Beam
Freeform Fabrication. Laser Engineered Net Shaping (LENS) and Electron Beam
Freeform Fabrication (EBF3) will the processes involved in this study.
1.2

Description of the LENS Process
Laser Engineered Net Shaping (LENS) creates three-dimensional parts by directly

feeding metal powder into a molten pool created by a laser on a translating substrate.
1

Such parts are fabricated by the subsequential deposition of layers at incremental
increases in the +Z direction [2]. Figure 1.1 shows a schematic of LENS process [3]. The
LENS system proves to have many advantages in additive manufacturing. One such
advantage is the ability to produce fully dense parts on a small scale. This advantage is
due to versatility of the LENS system’s process parameters. The process parameters
include laser power, translation speed, and powder feed rate. These process parameters
have been studied at length to understand their influence on the thermal history, residual
stress, and other important aspects associated with constructing LENS parts [2, 4].
Another distinct advantage of the LENS process is that the system can be used to repair
parts that conventional methods cannot, as such previous methods can affect the
structural stability of the components by introducing excessive heat during repair. The
technique has enabled repair of unweldable parts in a repeatable manner that improves
repair quality while saving time and money [5]. Control of the laser in the LENS process
allows the existing surface to retain its structural integrity while layers are added to the
damaged areas. This advantage allows parts to have a much longer operating life.

2

Figure 1.1

1.3

Schematic of the LENS process [3]

Description of the EBF3 Process
Electron beam freeform fabrication (EBF3) uses metal wire that is directed toward

the molten pool and melted by an electron beam. By moving the electron beam and wire
source across the surface of the substrate, parts are deposited layer by layer. Figure 1.2
shows a schematic of the EBF3 process [6]. The EBF3 process has the ability to produce
larger scale parts at higher deposition rates than most current laser-based systems [6].
This process is typically operated within a high vacuum environment making it possible
to build up deposits with lower porosity and fewer inclusions than those fabricated by the
LENS process, as there is often the occurrence of oxidation associated with the LENS
manufacturing technology. EBF3 is a versatile additive method in which many process
3

parameters such as beam power, translation speed, wire feed rate, and accelerating
voltage can be controlled. The microstructure and mechanical properties of components
are directly affected by these variables, as they aid in the nature of solidification [7]. As
part of the NASA exploration mission, the researchers at NASA Langley Research
Center and Johnson Space Center have been conducting research to show the usefulness
of the EBF3 process in space applications. The EBF3 process has the potential for use on
the moon to re-fabricate broken metal parts and recycle scrap metal parts, which will
allow utilization of recycling methods and aid in the reduction of cargo mass [8].

Figure 1.2

1.4

Schematic of the EBF3 process [6]

Machine upgrade
The increased popularity of SFF has driven the need for more research on

materials fabricated by these technologies as well as the processes themselves. To be a
leader in the SFF area, unlimited access to a SFF machine would be a distinct advantage.
The LENS machine at CAVS has undergone many modifications over the years. Due to
4

these modifications and years of neglect, the machine needed numerous upgrades and
repair.
1.5

Objectives
The LENS and EBF3 processes are both SFF technologies. However, each process

has its own method of creating parts. The objective of this this study is to investigate the
characteristics of both additive methods and their influence on the microstructure and
mechanical properties of stainless steel depositions. The other objective of this study is to
upgrade and repair the LENS machine at CAVS.
1.6

Structure of Thesis
Chapter II presents the literature review on additive manufacturing technologies.
Chapter III presents the comparison of the LENS and EBF3 processes
Chapter IV presents the upgrade and repair to the LENS machine at CAVS.
Chapter V presents conclusions of this study.
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CHAPTER II
LITERATURE REVIEW

2.1

LENS
Smugeresky et al. [9] examined the effects of process parameters on the hardness

of 316 stainless steel deposits made by the LENS process. The powder size, laser power,
powder feed rate, and travel speed were varied during the study. Using these process
parameters, the group constructed fifteen-layer samples that were a single pass wide. The
powder sizes were 30, 81, and 137 micrometers, with laser powers of 150, 300, and 600
W, while travel speeds were 4.2, 8.5, and 16.9 mm/s. This study showed that increased
hardness was observed for lower laser power and higher travel speed. Lower hardness
values were seen in larger powdered size.
Griffith et al. [3, 10, 11] obtained the thermal history of the LENS process by
inserting a fine diameter (10 µm) Type C thermocouple wire into the sample being
deposited. They fabricated hollow, one line wide shell boxes of H13 tool steel with
varying laser powers and traverse velocities. Figure 2.1 shows the in situ temperature
readings from a representative thermocouple inserted during the fabrication of a shell box
processed at 200 W laser power and 6 mm/s traverse velocity.

6

Figure 2.1

In situ temperature readings from a representative thermocouple inserted
during the LENS fabrication of a H13 tool steel shell box [3]

Wang and Felicelli [2] developed a two-dimensional finite element model to
calculate the temperature distribution for 316L stainless steel during the deposition
process as a function of time and process parameters. Wang and Felicelli [12] also
developed a three-dimensional model to predict the temperature distribution and phase
transformation in 410 stainless steel deposits. They used the SYSWELD software
package to develop the three-dimensional model. Information on the results of these
studies can be found in References [2] and [12].
Rangaswamy et al. [13] used neutron diffraction to study the residual stresses in a
thin wall deposit made by the LENS process. The thin wall depositions were a single pass
wide, and were made from 316 stainless steel powder. Measurements were taken at
7

various locations throughout the samples. Figure 2.2 shows the locations where data was
gathered from the thin wall deposits.

Figure 2.2

Locations where residual stress measurements were taken using neutron
diffraction [13]

Rangaswamy et al. [13] plotted the residual stress components against the position
in the thin wall where data was gathered. First, the stress component was plotted against
the position in the thin wall along the height on the vertical centerline, and then along the
width on the horizontal centerline. These plots are shown in Figure 2.3.
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(a)

(b)

Figure 2.3

Components of stress along the centerlines of a LENS thin wall deposition
in (a) the Z-direction and (b) the Y-direction [13]

Results showed that the Z-component of stress was dominate in the plate and was
compressive in the center of the thin wall sample. The Z-component of stress increased
from the substrate, along the centerline, and then decreased closer to the top of the
9

deposition. Along the horizontal centerline, the Z-component of stress was compressive
in the middle and tensile near the edges.
Pratt et al. [4] studied the residual stresses in AISI 410 thin plates using neutron
diffraction. They used the results of the neutron diffraction study to compare to simulated
results in an effort to understand the effects of process parameters on residual stress in the
LENS deposits. Samples were made using different laser power, translation speed, and
powder flow rate settings, and were 25 layers tall. Measurements were made at various
locations along the vertical and horizontal centerlines. Figure 2.4 shows the locations
where measurements were made on the LENS depositions. Figure 2.5 shows the stress
components of a thin wall LENS sample. Results showed that the stress in the Z-direction
was dominate.

Figure 2.4

Locations where measurements were made using neutron diffraction on
AISI 410 LENS deposits [4]
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(a)

(b)

Figure 2.5

Stress components as a function of position along (a) the Z-axis of the plate
and (b) the Y-axis of the plate [4]

Pratt et al. [4] then used a three-dimensional thermo-mechanical model to simulate
the residual stress in an AISI 410 thin wall deposited by the LENS process. Figure 2.6
shows the geometry and meshing of the thin wall and substrate used for the model. The
11

simulated residual stresses were plotted against position along the horizontal and vertical
centerlines. Figure 2.7 shows the comparison of the neutron diffraction data and the
simulated data for the residual stresses along the horizontal and vertical centerlines.

Figure 2.6

Geometry and meshing of thin wall and substrate used for thermomechanical model [4]
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(a)

(b)

Figure 2.7

2.2

Comparison of neutron diffraction data and simulated data for residual
stresses along the (a) horizontal direction and (b) vertical direction [4]

EBF3
Taminger et al. [1] studied the effects of translation speed, wire feed rate, and

beam power on the resulting microstructure and mechanical properties of 2219 Al and Ti6-4 deposits. They built samples that were a single pass wide and multiple layers tall. The
13

resultant microstructure of the 2219 Al deposits ranged from a fine equiaxed grain
structure to large grains with dendrite growth. Figure 2.8 shows representative cross
sectional microstructures of 2219 Al deposits using high and moderate heat inputs.
Dendrite formation can be seen in the interface of layers due to remelting of the previous
layers. However, minimal dendrite formation is observed in the deposition with moderate
heat input.
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(a)

(b)

Figure 2.8

Typical microstructure of 2219 Al deposits for (a) high heat input and (b)
moderate heat input [1]

Figure 2.9 shows the microstructure of Ti-6-4 depositions. Large equiaxed
columnar grains can be seen in the side view of the Ti-6-4 deposit in Figure 2.9(a). An
Alpha-beta microstructure can be seen at higher magnifications of the deposit in Figure
2.9(b).
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(a)

(b)

Figure 2.9

Typical microstructure of EBF3 Ti-6-4 deposits at (a) low magnification
and (b) high magnification [1]

Figure 2.10 compares the mechanical properties of 2219 Al deposits to those of
typical handbook data for sheet and plate products [14]. The properties of as-deposited
2219 Al were between 2219 Al sheet and plate in the annealed (O temper) and
16

solutionized and naturally aged (T4 temper) tempers. The 2219 Al deposits in the T62
temper were equivalent to typical T62 handbook properties for sheet and plate products
[14]. Figure 2.11 shows that the mechanical properties of Ti-6-4 deposits are also
comparable to those of annealed wrought product [15].

Figure 2.10

Mechanical properties of EBF3 deposited 2219 Al as compared to typical
handbook values [14] for 2219 Al sheet and plate [1]
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Figure 2.11

Mechanical properties of EBF3 deposited Ti-6-4 as compared to AMS
4999 Ti-6Al-4V minimum specification (standard grade Ti-6-4) [15] [1]

The study showed that controlling the heat input through selection of the
translation speed, wire feed rate, and beam power can influence the microstructure in the
deposited material [16, 17]. However, the tensile strength of the 2219 Al and Ti-6-4 was
not statistically affected by the variation in heat inputs.
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CHAPTER III
MICROSTRUCTURE AND MECHANICAL PROPERTIES COMPARISON OF EBF3
AND LENS DEPOSITS

3.1

Overview
In order to study the microstructure and mechanical properties, samples were

made using both the LENS and EBF3 processes. Various parameter settings were used to
deposit 316L stainless steel. Samples with the most optimum observable builds were used
for the study. A paper was presented at the Materials Science and Technology
Conference and Exhibition on the findings of this study [18]. Another paper was
presented at the ASME 2011 International Mechanical Engineering Congress and
Exhibition which discussed the microstructure and mechanical properties of AISI 316L
stainless steel using the EBF3 process [7]. The goal of this experiment is to compare the
microstructure and mechanical properties of deposits made by the LENS and EBF3
processes.
3.2
3.2.1

Experimental Procedures
Deposition of LENS Samples
A research trip was taken to NASA Johnson Space Center to build samples for

study using their Optomec LENS machine. A very accurate log of the machine process
parameters was used for the LENS deposits. During the trip, samples were deposited on a
19

0.5-inch thick AISI 316L stainless steel substrate. The powdered metal used for making
samples was AISI 316L stainless steel. To begin, ten-layer single wall samples were
made using the LENS process. Two sets of nine samples were made using different
combinations of operating parameters. Table 3.1 shows the process parameters for single
wall deposits by the LENS process. Laser power was varied between 200 and 500 W,
while scanning speed was varied from 10 to 40 ipm. The powder feed rate was held
constant at 4 ipm throughout the study. The eighteen ten-layer single wall samples were
then observed to determine the optimum operation parameters. Figure 3.1 shows
cylindrical deposits that were constructed using the same parameters as the optimum tenlayer single wall sample parameters. The cylinders were 0.5-inch in diameter and 4-inch
tall.
Table 3.1

Process parameters for single wall deposits by the LENS process

Sample No.
1
2
3
4
5
6
7
8
9

Scanning Speed (ipm)
10
10
10
25
25
25
40
40
40

20

Laser Power (W)
200
350
500
200
350
500
200
350
500

Figure 3.1

3.2.2

316L samples deposited by LENS on a 316L substrate

Deposition of EBF3 Samples
Research trips were also taken to NASA Langley Research Center to create

samples for study using their EBF3 machine. A log of the process parameters was used
for the EBF3 deposits. During the trips, two sets of samples were made. The first set,
shown in Figure 3.2(a), was produced on a commercially available 0.25 inch thick sheet
of AISI 304 stainless steel. The wire material selected for this study was 1.1 mm (0.043
inch) diameter AISI 316L stainless steel. Deposits of one, two, five, and ten-layer(s), 10
cm (4 inch) in length, were made for different process parameter settings. The beam
current was varied from 40 to 60 mA, while the translation speed measured either 10 or
20 ipm. Table 3.2 shows the process parameters for single wall deposits by the EBF3
process.
21

The second set of samples, shown in Figure 3.2(b), was produced using 316L wire
of diameter 0.063 inch on a 325 stainless steel substrate. Accelerating voltage for this
deposit was 30 kV, with a beam current of 60 mA, scanning speed of 20 ipm, and a wire
feed rate of 40 ipm. For both sets, the beam acceleration voltage was held constant (30
kV). Of the four builds shown in Figure 3.2(b), only the second build of 16-layers
(indicated with dashed lines) was used for this study.

Single

Double

(a)

(b)
Figure 3.2

EBF3 deposits of (a) single and double layer samples using AISI 316L solid
wire on AISI 304 stainless steel substrate, and (b) multi-layer AISI 316L
wire samples on AISI 325 stainless steel substrate
22

Table 3.2
Sample
No.
1
2
3
4
5
6
7
8

Process parameters for single wall deposits by the EBF3 process
Accelerating
Voltage (kV)
30
30
30
30
30
30
30
30

Beam Current
(mA)
40
40
40
40
60
60
60
60

Scanning Speed Wire Feed Rate
(ipm)
(ipm)
10
20
20
20
10
40
20
40
10
20
20
20
10
40
20
40

All EBF3 depositions started with a single heat pass by the electron beam without
wire feed to clean off any residual oxides and preheat the substrate to ensure adequate
adhesion. Between the depositions of subsequent layers, a cooling time of 60 seconds
was used. The deposits were placed 2.5 cm (1 inch) apart, with the purpose of minimizing
thermal interactions from one deposit to the next. Although this spacing did not eliminate
general heating of the substrate, it was sufficient to prevent overlap of heat affected zones
(HAZs) from neighboring deposits
3.2.3

Mechanical Testing
For the LENS study, one of the two cylindrical samples was used to extract

information about mechanical and microstructural properties, as both cylinders were
deposited using identical parameters. For EBF3, two square deposits, shown in Figure
3.3, were made with a width of 1 inch, height of 1 inch, and a length of 10 inch on a 5mm
(0.197 inch) AISI 304 substrate. The parameters used to build the square samples were an
accelerating voltage of 30 kV, beam current of 60 mA, scanning speed of 20 ipm, and a
wire feed rate of 40 ipm. To begin, a heat pass was made with only the beam active at
23

20mA. After this initial heat pass, the operator alternated between the two samples
building one layer at a time. This method was employed in order to increase the cooling
time of the previous layer to yield a higher quality build.

Figure 3.3

Square AISI 316L samples built on an AISI 304 substrate by the EBF3
process

All tensile tests were performed on an Instron 5869 load frame, with a loading
rate of 0.001 in/s. The ASME standard E8 for Tension Testing of Metallic Materials was
referenced to determine appropriate geometries for specimens of both processes [19]. The
round LENS test specimen had a reduced section of 1.25 in, fillet radius of 0.188 in, gage
length of 1 in, and a reduced area diameter of 0.25 in. All square EBF3 test specimens had
a reduced section of 0.25 in, fillet radius of 0.25 in, and a gage length of 1 in.
3.2.4

Microstructure Characterization
Post-testing, two specimens 0.5-inch in length and perpendicular to the build

direction were extracted from the grip sections of the LENS cylindrical sample. One
24

sample was taken from the region near the top layers, and the other nearest the substrate.
EBF3 specimens were sectioned across the width of the deposits (parallel to build
direction) near the center of each single wall deposit. Specimens of both processes were
prepared for analysis by optical microscopy by hot mounting in resin, polishing, and then
etching. EBF3 specimens were etched by immersing in a solution of 20 ml glycol, 10 ml
HF, and 30 ml HNO3 for 5 min and 30 seconds for each sample. Initial etching of LENS
samples was performed in the same manner, however, additional research is currently
being conducted to find an alternative solution for better optical enhancement of the
surface features of LENS specimens.
3.3

Results and Discussion

3.3.1

Mechanical Testing
In Table 3.3, the mechanical properties obtained from tensile tests of both

processes are compared to those reported for 316L [20]. It is shown that both ultimate
tensile strength (UTS) and yield strength for LENS and EBF3 deposited samples show
higher values than those reported for this series of stainless steel. However, the
elongation results indicated less deformation prior to fracture of the samples than the
typical values. Overall, results of the mechanical tests indicated the superior properties of
both SFF deposited samples to that of a standard grade 316L stainless steel, with only a
loss in ductility of less than 10 percent.
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Table 3.3

Tensile properties of the EBF3 and LENS deposited AISI 316L as compared
to typical values of AISI 316L found on the ASM website [20]

EBF3
LENS
ASM Standard Values

3.3.2

Yield Strength
(MPa)
312.6
350.0
290.0

Ultimate Tensile
Strength (MPa)
836.8
846.1
580.0

Elongation (%)
40.1
37.7
50.0

Fractograghy
Post-testing, sample fracture surfaces were examined by Scanning Electron

Microscopy (SEM) to provide insight on interior material characteristics, as well as,
factors contributing to failure. Preliminary analysis of the LENS samples have displayed
apparent voids on the fracture surfaces, as shown in Figure 3.4(a), while very little
porosity has been seen in the EBF3 specimens, as shown in Figure 3.4(b). Figure 3.5(a)
highlights a region on the fracture surface of a tested EBF3 sample containing a crack
(shown in red), with a higher resolution of the defect area displayed in Figure 3.5(b).
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(a)

(b)

Figure 3.4

Representative fracture surface images of tensile samples

(a) AISI 316L LENS deposit, (b) AISI 316L EBF3 deposit
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(a)

(b)

Figure 3.5

Fracture surface of room temperature tensile sample for EBF3 deposited
AISI 316L

(a) overall view of crack, (b) high magnification showing crack
3.3.3

Microstructural Characterization
Figure 3.6(a) shows the cross section of a single layer EBF3 deposit sample with

parameters of 40 mA beam current and 20 ipm translation speed. The morphology shown
in this Figure was the typical microstructure found in all EBF3 deposits in this study. A
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fine equiaxed grain structure was observed at the top (Figure 3.6(b)) and a columnar
grain structure at the bottom close to the substrate (Figure3.6(c)). The direction of the
columnar grains was the same as the direction of the deposition. Figure 3.6(d) shows the
microstructures from three regions in the ten layer single wall deposit, with 40 mA beam
current and 20 ipm translation speed. It can been in this Figure that no dendritic structure
was located in the deposit near the substrate, as the lower layers have been repeatedly
heated and cooled by deposition of subsequent layers, which enabled grain coarsening
due to the homogenization of the microstructure. It was also observed that the size of the
grains increased along the height of the build, and a columnar grain structure was present
near the upper layers.
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(a)

(b)

(c)

(d)

Figure 3.6

Solidification microstructure of the EBF3 deposited AISI 316L stainless
steel

(a) cross-section of the single layer deposit, (b) equiaxed grain morphology, (c) columnar
grain morphology, (d) cross-section of the ten-layer deposit
Although deposit geometries for varying beam currents are not shown in this
work, a comparison of the dendrite arm spacing (DAS) for the ten-layer deposit as a
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function of three currents (each with a translation speed of 20 ipm) was conducted. For
the 40 mA current, the DAS values were within a range of approximately 5-11 µm, the
100mA current had a range of 12-18 µm, and the 180 mA beam produced a range of 1319 µm. The ranges of the EBF3 samples were much larger than those of the LENS
process found in literature, which showed a range of 4.2-6.4 µm for AISI 316L [21], due
to the faster cooling rates in LENS depositions. The results of this analysis showed that
the DAS was very sensitive to variation in Z height and beam power.
In the LENS process, it is expected that the dendritic features will not be well
preserved due to the considerable remelting and coarsening occurring subsequent to the
initial deposition. In the EBF3 process, the dendrite features were still observed since the
dendrite arm spacing is large enough to allow continual growth of the dendritic structure
without interruption after remelting. In addition, the cooling rate at the solid and liquid
interface was lower in the EBF3 process due to the higher power and larger molten zone,
compared with LENS process.
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CHAPTER IV
LENS MACHINE UPGRADE AND REPAIR

4.1

Overview
The system at CAVS is a LENS 750 workstation. This system consists of a

computer control tower, controlled atmosphere process chamber, powder delivery
system, and high powered laser with beam delivery system. In order to get the machine
operational, several upgrades and repairs were needed. This chapter discusses the
function of parts, problems encountered, and repairs made to the LENS machine.
4.2

Controlled Atmosphere System
The function of the controlled atmosphere system is to provide an inert gas

environment in which the build process can take place. The atmosphere control system
consists of a computer, process chamber, ante-chamber, and dri-train system. Figure 4.1
shows the atmosphere control system. An inert atmosphere inside the process chamber is
achieved by the dri-train system. The dri-train consists of a computer, solenoid manifold,
blower, getter, and oxygen analyzer. Figure 4.2 shows the dri-train system.
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Computer tower

Process chamber
Ante-chamber

Dri-train

Figure 4.1

Atmosphere Control System

Solenoid
manifold

Computer

Getter

Figure 4.2

Blower

Dri-Train System
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Argon gas is supplied to the manifold by a liquid argon tank. To achieve a
pressurized atmosphere in the process chamber, the computer controlled solenoid valves
regulate the flow of argon. Under normal operating conditions, the oxygen analyzer
monitors the oxygen levels inside the process chamber. Data from the oxygen analyzer is
used by the dri-train computer to control the blower speed of the purifier system. Air
inside the process chamber is pumped by the blower into the getter where a copper
catalyst and a molecular sieve remove oxygen and moisture. The filtered air is then
returned back to the process chamber. If the purifier charges in the getter become too
saturated with oxygen, a regeneration process is implemented to remove the excess
oxygen and moisture. The ante-chamber on the atmosphere control system is used to pass
objects in and out of the process chamber without saturating the environment with
oxygen.
4.2.1

Problems with the Controlled Atmosphere System
The viewing window on the front of the process chamber had been modified

before the upgrade and repair of the CAVS LENS system. This viewing window was
altered to include a hinged door that used clamps to secure it. The hinge on the door was
failing, and it was believed that the door was a source of oxygen leaks in the process
chamber. Other modification to the process chamber included an air cooling system as
well as cooling and heating plates under the build surface where the build takes place.
Leaks were found in various locations on the process chamber. Locations included the
glove ports on the viewing window, the laser cavity on top of the process chamber, and
connections on the back of the process chamber.
34

A faulty solenoid valve was found on the manifold, as well as leaks in the brass
fittings. The leaks were due to dry-rotted gaskets between the brass fittings and stainless
steel tubing. The oxygen analyzer was giving inaccurate readings due to a depleted fuel
cell. Also, a control board in the dri-train control system malfunctioned and was not
supplying power to the solenoid valves on the manifold.
4.2.2

Repair of the Controlled Atmosphere System
Because the hinged door system was a source of leaks, the hinge system was

eliminated. The old door seal was removed and the surface of the door frame was
cleaned. Clamps were added on all four sides of the viewing glass to secure it to the
frame of the front panel. This was done to reduce the amount of deformation in the front
panel frame that would occur due to welding. A new gasket was fabricated to seal the
viewing glass to the frame of the front panel. Figure 4.3 shows the new viewing glass on
the front of the process chamber. The air cooling system was removed because there was
no cooling unit supplied with the machine. Cooling lines were eliminated to prevent
possible leaks and reduce clutter in the process chamber.
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Figure 4.3

New viewing glass on the front of the process chamber

The gasket for the glove ports on the viewing window were replaced and sealed
using silicone. The holes in the top were fixed. Connections for the refrigerant lines on
the back of the process chamber were removed, and all remaining connections were
sealed and tightened.
The faulty solenoid valve was replaced and the brass fittings and gaskets were
replaced by brass compression fittings. This ensured a tight seal between the fittings and
stainless steel tubing. A new fuel cell replaced the depleted one in the oxygen analyzer.
Workers from the electrical engineering department repaired the dri-train system control
board.
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4.3

High Powered-Laser with Beam Delivery System
The laser consists of a computer, laser power unit, laser fiber, and a cooling

system. A computer controls the amount of power produced by the laser. The beam
travels through a laser fiber to the collimating optic in the cavity on top of the process
chamber. A chiller supplies de-ionized water to the laser power unit and collimating optic
to prevent them from overheating. Figure 4.4 shows the laser power unit, laser fiber, and
cooling system.

Laser fiber

Cooling system
Laser power unit

Figure 4.4

Laser power unit, laser fiber, and cooling system
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The beam delivery system consists of a collimating optic, mirrors, a focusing lens,
and a laser sleeve. Laser fiber delivers the beam to a collimating optic in the cavity on top
of the LENS workstation. Mirrors in the cavity direct the collimated beam into the
process chamber. Figure 4.5 shows the beam delivery system in the cavity on top of the
process chamber. Inside the process chamber the beam travels through the laser sleeve to
a focusing lens where the beam is focused onto the work piece. The focal point of the
laser determines the size of the melt pool and is aligned with the convergence point of the
four powder nozzles.

Laser fiber

Collimating optic

Mirror
Downturn mirror

Figure 4.5

Beam Delivery System in cavity on top of LENS machine
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4.3.1

Problems with the High Powered-Laser with Beam Delivery System
A new laser was installed on the LENS machine at CAVS by technical

representatives from Optomec. After the installation of the new laser, it was found that 80
percent of the laser power was being lost in the beam delivery system. This was
discovered by measuring the laser power at the output of the laser beam and at the laser
focal point. The downturn mirror in the cavity on top of the LENS machine was allowing
a portion of the laser beam to pass through. Also contributing to the laser power loss was
the laser wrist which contained motors that allowed for tilt and rotation of the deposition
head. It was also found that the focal point of the laser and the convergence point of the
four powder nozzles were not meeting. The laser wrist did not allow for adjustment of the
lens focal position. Figure 4.6 shows the laser wrist inside the process chamber of the
LENS machine including the old laser sleeve. Figure 4.7 shows the path of the laser beam
through the laser wrist.

Laser sleeve

Laser wrist

Figure 4.6

Laser wrist on the inside the process chamber of the LENS machine
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Downturn mirror
Laser beam

Laser wrist
mirror 2
Laser wrist
mirror 1
Focusing lens

Figure 4.7

4.3.2

Path of the laser beam through the laser wrist

Repair of the High Powered-Laser with Beam Delivery System
A new laser was installed on the LENS machine at CAVS by technical

representatives from Optomec. The new laser was a model YLS-1000-CT diode fiber
laser capable of 1000 watts of output power. A chiller using de-ionized water to cool the
laser and optics was also installed.
Repair to the beam delivery system consisted of replacing the downturn mirror
and replacing the laser wrist with a straight delivery system. The in-line beam delivery
system consists of a laser sleeve, focusing lens, and focusing lens holder. Figure 4.8
shows the new in-line beam delivery system. The beam travels down through the laser
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sleeve then is focused by the focusing lens in the adjustable lens holder. Figure 4.9 shows
the path of the laser beam through the in-line beam delivery system.

Laser sleeve

Focusing
lens holder

Deposition head
Figure 4.8

In-line beam delivery system
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Downturn mirror

Laser beam

Focusing lens

Figure 4.9

4.4

Path of the laser beam through the in-line beam delivery system

Powder Delivery System
The powder delivery system consists of a powder hopper, motorized feed

mechanism, powder feed nozzle assembly, and argon recirculation system. Figure 4.10
shows the powder delivery system. Powdered metal is supplied from the hopper to a
motorized feed mechanism which feeds the powder into a steady flow of argon gas
provided by the argon recirculation system. The powder is then delivered to the powder
feed nozzle assembly inside the process chamber. Four replaceable nozzles in the powder
feed nozzle assembly direct the powder to the work piece where the build process is
taking place. To insure the laser optics are protected, the argon recirculation system
supplies a purge gas directly to the center of the powder feed nozzle assembly.
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(a)

(b)

Figure 4.10

Powder delivery system
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(c)

Figure 4.10 (continued)

4.4.1

Problems with the Powder Delivery System
The original deposition head on the LENS machine at CAVS was a laser wrist

containing motors that allowed for tilt and rotation of the powder feed nozzle assembly.
As discussed in the section 4.3, the laser wrist needed to be replaced with an in-line
delivery system. Therefore a new deposition head needed to be fabricated. The new
deposition head design had to direct metal powder to the four deposition heads as well as
include a center purge chamber to protect the focusing lens. Also needed in the design
was the ability to adjust the powder nozzles so that they would align in the X and Y
direction with the laser beam.
4.4.1.1

Repair of the Powder Delivery System
To replace the laser wrist, a new powder feed nozzle assembly was designed. The

powder feed nozzle assembly was fabricated using aluminum alloy. The deposition tip
consisting of the four powder delivery nozzles was salvaged for use on the new design.
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For the convergence of the four powder delivery nozzles to line up with laser beam, turn
screws allowed for adjustment of the powder feed nozzle assembly in the X and Y
direction. The new powder feed nozzle assembly utilized channels to direct the powder to
the four powder delivery nozzles. Also included in the new design was a center purge gas
line to protect the focusing lens. Figure 4.11 shows the new powder feed nozzle
assembly.

Figure 4.11

New powder feed nozzle assembly
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CHAPTER V
CONCLUSION

The microstructural characteristics and mechanical properties of one, two, five,
ten, and sixteen-layer single wall deposits produced with the EBF3 process, and a
cylindrical LENS deposit were investigated for AISI 316L stainless steel. A typical
microstructure with a long columnar grain structure close to the substrate and a fine
equiaxed grain structure at the top was found for most of the EBF3 samples, with the
exception of the uniform equiaxed grain cells found for those samples created with low
beam current and translation speed. The higher beam current resulted in larger primary
dendrite arm spacing due to the lower cooling rates during the deposition process.
Mechanical testing of the samples showed an increase in both ultimate tensile and yield
strengths for both processes, with some loss of ductility when compared to standard grade
316L steel. When subjected to examination by scanning electron microscopy, tested
specimens displayed few defects on the fracture surfaces which correlate to the quality of
both the EBF3 and LENS deposited samples. However, as expected, the more porous
regions were associated with the LENS deposits. In future work, additional optical
microscopy will be required to analyze the microstructural morphology of the LENS
cylindrical deposit (and possible builds similar to those of the EBF3 geometries shown in
this work) in order to compare the features currently found to be associated with the
EBF3 specimens.
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Many problems were encountered during the repair and upgrade of the LENS
machine at CAVS. Leaks were fixed on the process chamber and the dri-train system in
the controlled atmosphere system. A new laser and in-line beam delivery system was
added to replace the faulty laser and laser wrist. The new powder feed nozzle assembly
design replaced the old assembly to allow for adjustments during deposition. Future work
to the LENS machine would include running tests on the system to check for additional
leaks in the controlled atmosphere system. Also, Optomec offers a dual powder feed
assembly that might be of interest for functionally gradient material research or research
that involves the use of two different types of material. Optomec has also advertised a
system capable of more accurately monitoring the powder delivered to the deposition
nozzles. Finally, the molten pool analyzer system needs to be installed and calibrated to
allow for closed-loop operation.
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